3D image-guided spinal surgery when the surgeon stood behind a lead shield in the OR during cbCT acquisition.
11
In the current study, radiation exposure at several unshielded locations in the OR was measured in 25 spinal surgery cases utilizing cbCT-based, 3D image guidance.
Methods
Institutional review board approval was obtained. Five badge dosimeters were placed at set locations in the OR during 25 spinal surgery cases in which cbCT-based, 3D image guidance was used (Fig. 1) . The radiation dosimeters used in this study were obtained from Mirion Technologies, Inc. The TLD 760 (thermoluminescent dosimeter) is designed to respond to beta, gamma, x-ray, and neutron radiation. Through internal filters contained in the dosimeter, the radiation quantity and quality can be determined. The dosimeters were placed to avoid directional dependence. Results from the vendor are reported for deep, eye, and shallow doses. In our study, the quality of the accumulated scatter radiation was of sufficient energy so that the deep, eye, and shallow doses were roughly equivalent to each other for each individual dosimeter. Distance and height measurements for the individual badges are listed in Table  1 . Distance was measured from the center of the OR table, and height was measured from the floor. The cbCT device used in this study was the O-ARM (Medtronic, Inc.), used in conjunction with the Stealth S7 image-guided platform (Medtronic, Inc.). The O-ARM was used for registration of the spinal anatomy after the spine was exposed in open cases and after placement of the percutaneous reference arc in minimally invasive cases. Anteroposterior (AP) and lateral (Lat) fluoroscopic scout views of the spine were accomplished using the O-ARM to aid in positioning the device in the appropriate location around the patient. In most cases, 1 O-ARM spin was able to register the levels of interest; however, in long-level fusions, 2 or 3 spins were required. The O-ARM has different protocols and settings that can be selected to maximize image quality. The protocols that can be chosen are "head," "chest," and "abdomen." Within each protocol, settings are selected based on patient size: "small," "medium," "large," and "extra large." In addition, the actual cbCT spin can be set in "standard" or "high definition" 3D mode. High-definition 3D cbCT spins were accomplished in all cases. The head protocol was used in fusion procedures involving the upper and midcervical spine. The chest protocol was used in fusions involving the thoracic spine. In lumbar fusion cases, the abdomen protocol was used. Patient size determined the fur- ther settings that were chosen on the spectrum from small to extra large. In general, the "small" setting was used in patients with a BMI < 25. In patients with a BMI of 26-30, the "medium" setting was used. The "large" setting was used in patients with a BMI of 31-35, and the "extra large" setting was used in patients with a BMI > 35. Prior to wound closure, another O-ARM spin was accomplished to check instrumentation placement (confirmatory spin). After the 25th case, the badge dosimeters were sent to the radiology department for analysis. In 9 cases the O-ARM registration process was timed. This registration process included the tasks of placing the reference arc on the patient, draping the patient, positioning the O-ARM, performing the cbCT scan, removing the O-ARM, and undraping the patient. Timing was initiated when the surgeon asked for the reference arc and was stopped when the image-guided system was ready for navigation of the patient's spine.
Results
Overall, 50 HD3D cbCT spins were accomplished in 25 patients (Table 2) . One hundred twenty-four screws were placed into spinal levels spanning from C-2 to the ileum. The mean BMI for the 25 patients in this study was 30.85. No complications resulted from instrumentation placement or the use of image guidance. Badge dosimetry data are listed in Table 3 . Analysis of the badge dosimeters revealed minimal radiation exposure for the badges 6 feet from the gantry in the area of the anesthesiology equipment, as well as for the badges located 10-13 feet from the gantry on each side of the room (mean 0.7-3.6 mrem/spin). The highest radiation exposure occurred on the badge attached to the OR table within the gantry (mean 176.9 mrem/spin), as well as on the control panel adjacent to the gantry (mean 128.0 mrem/spin). The average time to perform the registration process in the 9 timed cases was 6 minutes 26 seconds.
Discussion
The use of active fluoroscopy as an adjunct to spinal instrumentation placement is relatively common. Accordingly, 3.4-66 seconds of fluoroscopy time per screw is the range reported in the literature. 8, 15, [18] [19] [20] Disadvantages to the surgeon in using active fluoroscopy for pedicle screw placement include wearing a lead apron and the ergonomic challenge of working around the fluoroscope. 4 In addition, spinal surgeons can sustain a 10-to 12-fold increase in radiation exposure as compared with surgeons using fluoroscopy for nonspinal procedures. 17 In a prospective study measuring surgeon radiation exposure in transforaminal lumbar interbody fusion procedures, Bindall et al.
2 reported a mean fluoroscopy time of 1.69 minutes per case, with a mean radiation exposure to the surgeon's torso (under a lead apron) of 27 mrem per case. Subsequently, Bindall et al.
2 concluded that the recommended maximum allowed annual radiation exposure of 5 rem to the torso might be exceeded if a surgeon performed more than 194 of these procedures annually. The use of cbCT-based image guidance for percutaneous pedicle screw placement has been reported. 1, 12, 25 Obviously, the surgeon is not exposed to radiation during screw placement in open or minimally invasive cbCT-based, image-guided spinal surgery, as the surgeon is navigating from the intraoperative cbCT scan, and no active fluoroscopy is used.
However, scatter radiation is emitted in the OR during cbCT acquisition, and this can result in radiation exposure to the surgeon and OR staff. In a study measuring radiation scatter, Zhang et al. 26 reported that the O-ARM and a 64-slice CT scanner have similar radiation scatter that can extend to distances up to 6 m (19.7 feet) from the device. At our institution, OR staff either stand behind a lead shield or vacate the room when the cbCT spin is performed. We have previously demonstrated that no radiation exposure occurs when standing in the OR behind a lead shield during a cbCT spin.
11 However, instances may arise when the surgeon or OR staff are temporarily unshielded during a cbCT spin, and our present study demonstrates that scatter radiation exposure at distances > 6 feet from the cbCT gantry in these circumstances is relatively low. For example, the mean radiation dose per spin at the location of Badge 1 was 3.6 mrem/spin. Accordingly, a person standing unshielded in this position would exceed the recommended annual limit of 5 rem to the torso as set forth by the National Council on Radiation Protection and Measurements 9 after 1381 cbCT spins.
During cbCT-based image guidance procedures, the patient is exposed to radiation. Measurements from the badge dosimeter placed on the OR table within the cbCT gantry in our study showed an average radiation exposure of 177 mrem per cbCT spin. It should be noted, however, that this badge dosimeter was placed on the OR table adjacent to the patient and not in the center of the cbCT gantry. Hence, the badge dosimeter reading underestimates the true patient radiation exposure. Additionally, using the badge dosimeter is a crude method of measuring patient radiation exposure, and true assessment utilizes more advanced methods, including phantom models and ion chambers. 26 These methods are out of the scope of the present study, which was focused on cbCT scatter radiation exposure in the OR, and not on patient radiation exposure. A full detailed analysis of patient radiation exposure from the O-ARM using these advanced methods has been accomplished and demonstrates that exposure during 1 spin of the O-ARM is equal to approximately 47%-83% of the patient radiation exposure sustained by a scan from a 64-slice CT scanner, depending on the specific protocol used.
26 A 3-fold increase in effective radiation dose to the patient can occur when using the "extra large" setting as compared with the "small" setting on the O-ARM, since larger patients require more radiation to visualize their bony anatomy during cbCT scanning. We believe that this patient radiation exposure is acceptable, as it is well below the recommended annual limit of 5 rem to the torso as set forth by the National Council on Radiation Protection and Measurements. 9 Although patient radiation exposure must always be considered in spinal fusion procedures, radiation exposure for the surgeon and OR staff is a significant consideration given that the patient will most likely only undergo 1 spinal fusion that year, whereas the surgeon and OR staff may participate in 100 or more spinal fusion procedures per year, depending on the hospital and surgeon practice.
To further decrease patient radiation exposure, we have modified our practice based on information learned in performing the current study. In our typical protocol, we have used the HD3D mode for all of our O-ARM spins. Using the standard 3D mode can decrease patient radiation exposure by 40%, and we have found that this mode is sufficient to visualize the spinal anatomy in cervical and lumbar cases if spinal instrumentation artifact is not present, even in obese and osteoporotic patients. Additionally, we have noticed that the standard 3D mode is sufficient when used in patients with implantable intrathecal pumps located in the abdominal subcutaneous tissue away from the spine but within the field of the O-ARM spin (Fig. 2) . Consequently, we now use the standard 3D mode for registration O-ARM spins in the cervical and lumbar spine. Note that the upper thoracic spine anatomy can be difficult to visualize in some patients with broad shoulders; therefore, we continue to use HD3D mode for registration in these patients. The time required for the process of spinal registration using the O-ARM in this study was less than 7 minutes, which included the HD3D mode image acquisition time of 26 seconds. Another advantage of using the standard 3D mode is that the spin takes half as long (13 seconds) as compared with a spin in the HD3D mode.
Conclusions
Radiation scatter from the O-ARM was low at vari- ous distances outside of and not adjacent to the gantry. Accordingly, OR staff that occasionally become unshielded at these distances are most probably not going to sustain significant radiation exposure. Although the average radiation exposure at these locations is low, we continue to advocate that OR staff fully shield themselves during O-ARM spins, as we have previously demonstrated that no radiation exposure occurs in these circumstances when standing behind a lead shield. 
